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Abstract 
In large latent heat storages with the phase change material (PCM) being a salt hydrate, it is difficult to assure the 
stoichiometrically correct hydrate concentration of the salt hydrate. In this study, the influence of the composition of 
CaBr2 + H2O around the congruent melting CaBr2·6H2O and CaCl2 + H2O around the semi-congruent melting CaCl2·6H2O on 
the maximum storage capacity is investigated via differential scanning calorimetry (DSC). For a CaBr2 concentration around 
0.8 wt% lower than the concentration of CaBr2·6H2O, a decrease of over 17 % is found for the maximum storage capacity. For a 
CaCl2 concentration around 0.7 wt% lower than the concentration of CaCl2·6H2O, a decrease of over 11 % is found for the 
maximum storage capacity. While reproducible results for the maximum storage capacity for samples of the same concentration 
of CaBr2 + H2O are obtained via DSC, this is not the case for the CaCl2 + H2O samples. Thus, the difficulty to measure 
representative enthalpy curves of non-congruent melting salt hydrates via DSC is shown. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of EUROSOLAR - The European Association for Renewable Energy. 
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1. Introduction 
Phase change materials (PCM) allow storing and releasing large amounts of energy in small temperature ranges 
[1]. While organic PCM are normally less corrosive and show higher thermal cycle stability in terms of phase 
separation than inorganic PCM, they are generally more expensive than inorganic PCM, which makes them less 
attractive for usage in large thermal storages. Calcium chloride hexahydrate (CaCl2·6H2O) is an inorganic PCM that 
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received a lot of attention in the past due to its large melting enthalpy (190.8 J g-1) and its low costs [2]. However, 
CaCl2·6H2O melts semi-congruently, and is thus subject to phase separation with an associated loss of latent heat 
with increasing number of heat/cool cycles. An important aspect in the usage of a salt hydrate as PCM, the impact of 
a deviation of the prepared composition from the stoichiometrically correct hydrate concentration on the enthalpy 
change around the phase transition, has not yet been investigated in literature. For example, for large thermal 
storages of 1 m3 as described in [3], CaCl2·6H2O is prepared from CaCl2·2H2O by adding water. Thereby, the 
purchased CaCl2·2H2O is generally of technical grade and the H2O concentration does not necessarily match the 
stoichiometrically correct dihydrate concentration. In addition, the dissolution of CaCl2·2H2O respectively the 
hydration reaction being exothermal [4], this preparation process leads to evaporation of water and the H2O 
concentration being potentially too low for CaCl2·6H2O. In such a case, it is difficult to obtain the stoichiometrically 
correct hexahydrate concentration and also to verify the concentration. In order to investigate the impact of small 
deviations from the stoichiometrically correct hydrate concentration on the enthalpy change, besides CaCl2·6H2O, 
we chose CaBr2·6H2O, which is isomorphous to CaCl2·6H2O, but congruently melting. While a congruent melting 
salt hydrate of the stoichiometrically correct hydrate concentration (also known as a dystectic) crystallises and melts 
at a defined temperature, deviations from this concentration lead to a certain temperature range in which 
crystallisation and melting occur [5]. 
In applications, the maximum storage capacity of a PCM is a crucial value. It corresponds to the enthalpy 
difference between charging and discharging temperature and thus, besides the latent heat in the temperature interval 
under consideration also contains sensible heat [6]. The aim of this work is to investigate the influence of the 
composition of CaBr2 + H2O around CaBr2·6H2O and CaCl2 + H2O around CaCl2·6H2O on the maximum storage 
capacity via differential scanning calorimetry (DSC). 
2. Methodology 
In order to select a reasonable concentration range for the investigation of the influence of the concentration 
around both hexahydrates, the corresponding phase diagrams were studied. Fig. 1 shows a solid-liquid phase 
diagram of CaBr2 + H2O in a CaBr2 concentration range of ±10 wt% around CaBr2·6H2O based on solubility data 
from [7]. The stoichiometrically correct CaBr2·6H2O has a concentration of 64.90 wt% CaBr2 and 35.10 wt% H2O 
and, according to literature, presents a melting temperature of 34.3 °C and a melting enthalpy of  115.5 J g-1 [2]. The 
semi-congruently melting CaBr2·4H2O has a concentration of 73.50 wt% CaBr2 and 26.50 wt% H2O and forms a 
eutectic with the hexahydrate at a concentration of (65.95 ± 0.5) wt% [8]. 
 
 
Fig.1.Solid-liquid phase diagram of CaBr2 + H2O based on solubility data from [7]. The hatched area around CaBr2·6H2O corresponds to the 
investigated concentration range. 
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Based on the characteristics of the phase diagram of CaBr2 + H2O, a concentration range of 2.6 wt% around 
CaBr2·6H2O was chosen to investigate the influence of the concentration of CaBr2 on the maximum storage capacity 
(marked by the hatched area in Fig. 1).  
The phase diagram of CaCl2 + H2O in a CaCl2 concentration range between 40 and 70 wt% shown in Fig. 2 is 
based on equations from Conde [9]. The stoichiometrically correct CaCl2·6H2O has a concentration of 50.66 wt% 
CaCl2 and 49.34 wt% H2O and, according to literature, presents a melting temperature of 29.6 °C and a melting 
enthalpy of 190.8 J g-1 [2]. CaCl2·4H2O composed of 60.63 wt% CaCl2 melts at 45.3 °C. Thereby, CaCl2·4H2O is 
polymorph with two stable crystal phases: D and E [9]. CaCl2·6H2O forms a peritectic with the D phase of 
CaCl2·4H2O at 49.62 wt% CaCl2 with a melting point of 29.45 °C [2]. The D phase of CaCl2·4H2O is thereby stable 
from its liquidus temperature at 32.78 °C down to the peritectic point, i.e. in a temperature range of 3.33 °C. This 
means that if a liquid solution with the concentration CaCl2·6H2O is cooled down, at 32.78 °C, D CaCl2·4H2O 
begins to crystallise out of the solution until the peritectic point is reached at 29.45 °C. It is only then, that 
CaCl2·6H2O crystallises out of the solution. According to Lane, this leads to 9.45 wt% of D CaCl2·4H2O 
crystallising during cooling and melting on heating of the solid solution [2]. Based on the characteristics of the 
phase diagram of CaCl2·6H2O, a concentration range of 3.7 wt% around CaCl2·6H2O was chosen to investigate the 
influence of the concentration of CaCl2 on the maximum storage capacity (marked by the hatched area in Fig. 2) 
 
 
Fig.2.Solid-liquid phase diagram of CaCl2 + H2O based on equations for the liquidus curves from Conde [9]. The hatched area around 
CaCl2·6H2O corresponds to the investigated concentration range. 
As starting materials, CaBr2·xH2O 98% from Sigma Aldrich and CaCl2·2H2O Emsure ACS, Reag.PhEur from 
Merck were used together with deionised water to obtain the targeted concentrations of CaBr2 + H2O and 
CaCl2 + H2O. In both cases, around 1 kg CaBr2·6H2O and CaCl2·6H2O were prepared gravimetrically from the basic 
materials (weighing accuracy 0.01 g). The concentration was adjusted until the H2O concentration, determined with 
a Moisture Analyzer HR83 from Mettler Toledo, matched the stoichiometrically correct value of 35.10 wt% and 
49.34 wt% for CaBr2·6H2O and CaCl2·6H2O, respectively. From the stoichiometrically correct hexahydrates, 8 
additional concentrations of CaBr2 + H2O and 9 additional concentrations of CaCl2 + H2O were obtained either by 
diluting or concentrating the existing hexahydrates. Thus a total of 9 samples with different concentrations of 
CaBr2 + H2O and a total of 10 samples with different concentrations of CaCl2 + H2O were obtained, each sample 
with a volume of about 50 ml. 
Since in literature no suitable method could be found, a new method for the determination of the concentrations 
of CaBr2 + H2O and CaCl2 + H2O was developed. This method relies on determining the H2O content with a 
moisture analyser, the Ca+concentration via complexometric titration and the Br-, Cl- concentration via 
argentometric titration, both using a titrator T50 from Mettler Toledo. The results of the concentration determination 
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can be found in the section “Results and Discussion”. The measurement uncertainty of this method was determined 
to amount to ±0.18 wt% (for further details refer to [8]). 
For the determination of the enthalpy change of the 9 different concentrations of CaBr2 + H2O and 10 different 
concentrations of CaCl2 + H2O, liquid samples with a mass in the range of 13-14 mg (weighing accuracy 0.01 mg) 
were introduced in hermetically sealed alodined aluminium crucibles and measured with a DSC Q2000 from TA 
Instruments. Thereby, for each concentration of CaBr2 + H2O, 3 samples were measured via DSC with a 
heating/cooling rate of 2 K min-1 in order to get an arithmetic mean value and thus counteract possible errors in 
process of the DSC sample preparation or measurement. This means, that for CaBr2 + H2O a total of 27 samples 
were measured via DSC. Due to the semi-congruent melting of CaCl2·6H2O, 6 DSC samples per concentration were 
measured for the 8 concentrations with CaCl2 concentration equal to or higher than the peritectic point and 3 DSC 
samples for the 2 concentrations with lower CaCl2 concentration than the peritectic point. Thus a total of 54 samples 
were measured via DSC for CaCl2 + H2O. The DSC Q2000 was calibrated with indium as recommended by TA 
Instruments. The accuracy of the enthalpy curves determined with our DSC has been approved in various 
comparative studies, such as the round robin test of octadecane within IEA SHC Task 42 / ECES Annex 24 [10]. 
Based on the participation in the ECES Annex 24 and our experience, the enthalpy can be measured with our DSC 
with an accuracy of ±5 %. A constant stream of nitrogen (50 ml min-1) was applied as flushing gas during the 
measurements.  
3. Results and Discussion 
For the determination of the concentration dependent maximum storage capacity a reasonable temperature range 
of 15 K around the phase change of the respective hexahydrate was chosen. The CaBr2 concentration determined via 
the combined method for the concentration determination described in the section “Methodology” is 
(64.97 ± 0.18) wt% for the concentration representing CaBr2·6H2O (the other 8 concentrations are listed in Table 1). 
It thus represents CaBr2·6H2O within the limits of uncertainty of the method. 
 
 
Fig.3. Representative enthalpy curves for CaBr2 6H2O, for the first (dashed line) and second (straight line) heat/cool cycle measured via DSC. 
The two vertical lines delimit the temperature range considered for the indication of the maximum storage capacity. 
Fig. 3 shows representative enthalpy curves for the first and second heat/cool cycle of CaBr2·6H2O. The heating 
and cooling curves were shifted to a common zero point at 40 °C. The samples were introduced into the crucibles as 
a liquid drop, thus already for the first cycle a good contact between sample and crucible can be assured. This is 
confirmed by the enthalpy curves, which agree within the measurement reproducibility for the first and second 
heat/cool cycle. In this case a reasonable temperature range of 15 K is between 30 °C and 45 °C (delimited by two 
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vertical dotted lines in Fig. 3). The second heating cycle was used for all of the following evaluation of the measured 
data since it is the standard procedure in literature (e.g. [11]). The melting enthalpy determined via DSC is 
(142 ± 7) J g-1 and thus considerably larger than the value of 115.5 J g-1 indicated in literature.  
The CaCl2 concentration determined via the combined method for the concentration determination described in 
the section “Methodology” is (50.66 ± 0.18) wt% for the concentration representing CaCl2·6H2O (the other 9 
concentrations are listed in Table 1) and thus represents the stoichiometrically correct CaCl2 concentration of 
CaCl2·6H2O. Representative enthalpy curves for the first and second heat/cool cycle of CaCl2·6H2O are shown in 
Fig. 4. Due to the semi-congruent melting of CaCl2·6H2O, the first and second heat/cool cycles deviate from each 
other with a reduced melting enthalpy for the second heat/cool cycle. Since for all of the 6 samples of CaCl2·6H2O 
measured via DSC the first and second heat/cool cycle deviate from each other and the influence of the 
semi-congruent melting behaviour increases with increasing number of heat/cool cycles, instead of the second 
heat/cool cycle, the first heat/cool cycle was chosen for the investigation of the concentration dependent maximum 
storage capacity. Thereby the temperature range of 15 K was chosen between 25 °C and 40 °C (delimited by two 
vertical dotted lines in Fig. 4). The melting enthalpy determined via DSC is (185 ± 9) J g-1 and thus shows a good 
agreement within the limits of uncertainty of our DSC with the literature value of 190.8 J g-1. 
 
 
Fig.4. Representative enthalpy curves for CaCl2·6H2O, for the first (dashed line) and second (straight line) heat/cool cycle measured via DSC. 
The two vertical lines delimit the temperature range considered for the indication of the maximum storage capacity. 
The results for the maximum storage capacity, 'h15K, for the 9 concentrations of CaBr2 + H2O are shown in Fig. 5 
and listed in Table 1. With (168 ± 8) J g-1, the concentration of (64.97 ± 0.18) wt%, representing CaBr2·6H2O, has 
the largest value for 'h15K. For a deviation of the CaBr2 concentration of around -0.8 wt%, a considerable decrease 
of -17.2 % of 'h15K is found, while a deviation of around +0.8 wt% CaBr2 concentration results in a decrease 
of -6.1 %. This trend can be explained by the eutectic between CaBr2·6H2O and CaBr2·4H2O which has a 
concentration around 1.05 wt% CaBr2 higher than CaBr2·6H2O and a melting temperature of 33.8 °C, i.e. only 
0.5 °C lower than CaBr2·6H2O [2]. Thus liquid solutions with concentrations of CaBr2 + H2O between the CaBr2 
concentrations of CaBr2·6H2O and the eutectic, fully crystallise in the temperature interval considered for the 
indication of 'h15K. Hence, upon heating, the whole sample has a contribution of latent heat. Liquid solutions with 
concentrations of CaBr2 + H2O lower than CaBr2·6H2O, however, do not fully crystallise until 30 °C, since the 
eutectic between CaBr2 and H2O is situated at a CaBr2 concentration of 46.87 wt% and a temperature of -71.6 °C. 
Thus, part of the sample remains liquid in the considered temperature range and has only a contribution of sensible 
heat. The maximum standard deviation of the 3 DSC samples measured per concentration is 3 J g-1 for a 
concentration of 65.55 wt% and thus a high reproducibility is achieved in terms of the determination of 'h15K via 
DSC for CaBr2 + H2O. This is attributed to the congruent melting of CaBr2·6H2O. 
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Fig.5. Concentration dependent maximum storage capacity 'h15K(h(45 °C) – h(30 °C)) for 9 different concentrations of CaBr2 + H2O in function 
of the concentration of CaBr2 in wt%. 
The results for 'h15K for the 10 concentrations of CaCl2 + H2O are shown in Fig. 6 and listed in Table 1. 
CaCl2·6H2O with a concentration of 50.66 wt% CaCl2 has the highest 'h15K with a value of (221 ± 11) J g-1. In 
contrast to 'h15K of CaBr2 + H2O around CaBr2·6H2O, the decrease in 'h15K for concentrations of CaCl2 + H2O is 
comparable for deviations in CaCl2 concentration from CaCl2·6H2O towards higher and lower CaCl2 concentrations, 
i.e. a decrease of -11.3 % for 'h15K is found for a deviation of -0.74 wt% CaCl2 and a decrease of  10.7 % is found 
for a deviation of +0.65 wt% CaCl2. Compared to CaBr2 + H2O, large standard deviations of up to 23 J g-1 are found 
for CaCl2 concentrations corresponding to or higher than the peritectic point. This behaviour is attributed to the 
semi-congruent melting of CaCl2·6H2O which leads to a large variation of 'h15K obtained for samples of the same 
concentration of CaCl2 + H2O. Thus the necessity for several DSC samples of the same concentration is 
demonstrated and the difficulty to measure representative enthalpy curves of non-congruent melting salt hydrates via 
DSC is shown. 
 
Fig.6.Concentration dependent maximum storage capacity 'h15K(h(40 °C) – h (25 °C)) for 10different concentrations of CaCl2 + H2O in function 
of the concentration of CaCl2 in wt%. 
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Table 1. Concentration dependent maximum storage capacity 'h15K (h(45 °C) – h(30 °C)) for 9 different concentrations of CaBr2 + H2O in 
function of the concentration of CaBr2 in wt%; 'h15K (h(40 °C) – h(25 °C)) for 10 different concentrations of CaCl2 + H2O in function of the 
concentration of CaCl2 in wt%; the concentrations of the respective stoichiometrically correct hexahydrates, the eutectic (CaBr2 + H2O) and the 
peritectic (CaCl2 + H2O) are marked in bold; the measurement uncertainty of the concentration determination is ±0.18 wt%. 
CaBr2 + H2O CaCl2 + H2O 
CaBr2 
(wt%) 
'h15K 
(J g-1) 
SD15K 
(J g-1) 
G('h15K) 
(%) 
CaCl2 
(wt%) 
'h15K 
(J g-1) 
SD15K 
(J g-1) 
G('h15K) 
(%) 
64.16 
64.56 
64.73 
64.97 
65.24 
65.55 
65.76 
66.03 
66.77 
139 
152 
155 
168 
163 
160 
157 
156 
151 
1 
2 
2 
1 
1 
3 
1 
2 
1 
-17.2 
-9.3 
-7.4 
0.0 
-3.0 
-4.9 
-6.1 
-7.3 
-9.7 
47.59 
48.87 
49.62 
49.92 
50.13 
50.47 
50.66 
50.81 
51.01 
51.31 
127 
174 
192 
196 
208 
210 
221 
206 
210 
197 
2 
2 
7 
4 
10 
6 
23 
11 
19 
18 
42.6 
21.3 
12.8 
11.3 
5.9 
5.0 
0.0 
6.6 
5.0 
10.7 
 
4. Conclusions 
The aim of this work was to investigate the influence of the composition of CaBr2 + H2O around CaBr2·6H2O 
and CaCl2 + H2O around CaCl2·6H2O on the maximum storage capacity via DSC. Thereby, the maximum storage 
capacity is determined in a temperature range of 15 K around the phase change, i.e. 30-45 °C were identified for 
CaBr2 + H2O and 25-40 °C for CaCl2 + H2O. In the case of CaBr2 + H2O, 9 different concentrations in a CaBr2 
concentration range of 2.6 wt% around CaBr2·6H2O were prepared. For the investigation of CaCl2 + H2O 10 
different concentrations in a CaCl2 concentration range of 3.7 wt% around CaCl2·6H2O were prepared. In both cases 
the concentrations were determined via combined determination of the water content via moisture analyser and 
determination of the respective salt concentration via titration. 
For CaBr2·6H2O, a melting enthalpy of (142 ± 8) J g-1 is determined and a maximum storage capacity of 
(168 ± 8) J g-1. For a deviation of -0.8 wt% of the CaBr2 concentration from CaBr2·6H2O, a decrease of -17.2 % in 
the maximum storage capacity is determined while for a deviation of +0.8 wt% the decrease is -6.1 %. The larger 
decrease in the maximum storage capacity for CaBr2 concentrations lower than CaBr2·6H2O compared to higher 
CaBr2 concentrations situated between the CaBr2 concentrations CaBr2·6H2O and the eutectic of CaBr2·6H2O and 
CaBr2·4H2O is associated with the concentration of the eutectic only differing by +1.05 wt% CaBr2 from 
CaBr2·6H2O and only -0.5 °C in the melting temperature (33.8 °C). Due to the congruent melting of CaBr2·6H2O 
reproducible results are obtained via DSC for several samples of the same concentration of CaBr2 + H2O. 
For CaCl2·6H2O a melting enthalpy of (185 ± 9) J g-1 is determined and a maximum storage capacity of 
(221 ± 11) J g-1. The decrease in the maximum storage capacity for concentrations of CaCl2 + H2O is comparable for 
deviations in CaCl2 concentration from CaCl2·6H2O towards higher and lower CaCl2 concentrations, i.e. a decrease 
of -11.3 % of the maximum storage capacity is found for a deviation of -0.74 wt% CaCl2, while a decrease 
of -10.7 % is found for a deviation of +0.65 wt% CaCl2. The semi-congruent melting of CaCl2·6H2O leads to large 
differences of the maximum storage capacity between several DSC samples of the same concentration of 
CaCl2 + H2O and shows the difficulty to measure representative enthalpy curves of non-congruent melting salt 
hydrates via DSC. 
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